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Strain relaxation in InAs/GaSb heterostructures
Brian R. Bennetta)

Electronics Science and Technology Division, Naval Research Laboratory, Washington, DC 20375-5347

~Received 3 September 1998; accepted for publication 14 October 1998!

Lattice strain relaxation in InAs/GaSb heterostructures was investigated by x-ray diffraction. Two
types of structures, grown by molecular beam epitaxy, are compared. In the first, GaSb buffer layers
were grown on GaAs substrates, followed by 0.05–1.0mm thick InAs layers. In the second, InAs
layers were grown directly on GaSb substrates. For a given thickness, the InAs layers retain
significantly more strain when grown on GaSb substrates, reflecting the lower threading dislocation
density in the GaSb substrates relative to the GaSb buffer layers grown on GaAs.
@S0003-6951~98!02251-7#
te
a

-
nd
ed
o

ed
is
-
t-

em

a
nc
tc

e
is
is
ye
s
x
s
a

is

as
in
tl

tch
-
e

rs
ye

am
ti-
th

C.
ed

.
i-
stal

ss
or
b,
ively.
480
s, we
for
al-

es

in
for

To

ss
han
u-
t of

this
Heterostructures containing InAs and GaSb are of in
est for a variety of optical and electronic devices as well
fundamental studies of band structure.1 For example, super
lattices consisting of thin alternating layers of InAs a
GaSb may be suitable for long-wavelength infrar
detectors.2 In addition, resonant tunneling diodes based up
InAs/GaSb/AlSb heterostructures have been demonstrat3

The classic ‘‘lattice-matched’’ semiconductor system
GaAs/AlAs with a lattice mismatch of only 0.14%. The in
fluence of strain on epitaxial growth of GaAs/AlGaAs he
erostructures is negligible. At the other extreme are syst
with large mismatches such as Si/Ge~3.9%!, GaAs/Si
~4.0%!, InAs/GaAs~6.9%!, and GaSb/GaAs~7.5%!. Three-
dimensional growth occurs for thin layers, with the form
tion of high densities of dislocations during the coalesce
of islands. The InAs/GaSb system, with a 0.61% misma
(aInAs56.0584 Å, aGaSb56.0954 Å), falls in an intermedi-
ate regime. The strain is too small to induce thre
dimensional growth under normal conditions, but misfit d
locations will form to relieve strain if the layer thickness
too large. The classic Matthews–Blakeslee critical la
thickness~MB-CLT! for single layers of InAs on GaSb i
about 200 Å.4,5 Strained epilayers do not completely rela
when the MB-CLT is reached. In fact, in many material sy
tems, epilayers exceeding the MB-CLT by as much as
order of magnitude exhibit little or no lattice relaxation. Th
effect has been quantitatively investigated6 and attributed to
the difficulty of generating misfit dislocations.5,7

Little work related to strain relaxation in InAs/GaSb h
been reported. Yanget al. measured strain-induced shifts
phonon energy and found that InAs films were coheren
strained to GaSb for thicknesses of 60–190 Å.8 Bolognesi
et al. examined the related InAs/AlSb system (misma
51.3%) and found a CLT of 220 Å based upon low
temperature mobility measurements of single quantum w
structures.9 In this letter, we examine a variety of InAs laye
grown on GaSb. We show that the quality of the GaSb la
influences the strain relaxation in the InAs.

Samples were grown by solid-source molecular be
epitaxy ~MBE!. Two types of heterostructures were inves
gated and are illustrated in Fig. 1. In type-I structures,

a!Electronic mail: brian.bennett@nrl.navy.mil
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substrate is semi-insulating GaAs~001!.10 A buffer layer of
approximately 0.5mm GaAs is grown at 580 °C, followed
by a buffer layer of GaSb at 500 °C, and InAs at 450 °
The type-II structure begins with an unintentionally dop
GaSb~001! substrate.11 A buffer layer of approximately 0.5
mm GaSb is grown at 500 °C, followed by InAs at 450 °C
Growth rates were 3 Å/s and V:III flux ratios were approx
mately 1.5:1. Samples were characterized by double-cry
x-ray diffraction measurements~DCXRD! with a GaAs~001!
first crystal oriented for the~004! reflection.

In Fig. 2, we show the DCXRD data with the~004!
reflection for two samples: a type-I structure with a 4.0mm
GaSb buffer layer and a type-II structure. The InAs thickne
is 1000 Å for each. Dynamical simulations show that f
fully coherent and fully relaxed epilayers of InAs on GaS
the peak separations are 1550 and 740 arcsec, respect
Peak separations for samples I and II are 1400 and 1
arcsec, respectively. From the measured peak separation
calculate the in-plane strain in the InAs and obtain 0.47%
sample I and 0.55% for sample II. In terms of epilayer qu
ity ~as measured by the peak width! and epilayer strain,
sample II is superior to I.

We investigated the strain relaxation of type-II structur
by varying the InAs thickness from 500 Å to 1.0mm. The
~004! DCXRD measurements for six samples are shown
Fig. 3. The classic behavior for mismatched epilayers is
the thinnest layers to be fully strained~coherent! up to a
critical thickness, with increasing lattice relaxation~decreas-
ing Du! for increasing thickness beyond the critical value.
first order, that is what we observe in Fig. 3.12 Substantial
lattice relaxation does not occur until the layer thickne
reaches 3000 Å, more than an order of magnitude larger t
the Matthews–Blakeslee limit. As a result of limited resol
tion, DCXRD measurements are not sensitive to the onse

FIG. 1. Schematic of the type-I and type-II heterostructures used in
study.
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dislocation formation.13 Hence, our results do not necessar
imply the absence of misfit dislocations for thinner laye
These results are relevant to the design of heterostructur
which the electronic or optical properties are sensitive
strain in the InAs.

Information about the epilayer quality can also be e
tracted from the data. The full width at half maximu
~FWHM! is often cited as a measure of structural quali
Even for perfect layers, however, the FWHM is a function
thickness, with thinner layers having larger FWHMs beca
of the smaller correlation lengths. Hence, we use the rati
the experimental to the theoretical FWHM as a figure
merit.14,15 For samples I and II of Fig. 2, the FWHM ratio
are 3.9 and 2.0, respectively. The ratios for the sample
Fig. 3 are: 1.1~500 Å!, 2.0 ~1000 Å!, 2.2 ~2000 Å!, 16 ~3000
Å!, 25 ~5000 Å!, and 41~10 000 Å!. In addition, we observe
Pendellosung fringes for the 500 Å sample, indicating go
structural quality. The FWHM of the GaSb peak increas
with increasing InAs thickness. Similar effects have be
observed in other material systems and attributed to str
induced lattice curvature.16

As indicated in Fig. 2, the relaxation behavior of InAs
a function of the underlying GaSb. To summarize the d
from Figs. 2 and 3 as well as several additional typ
samples, we plot the epilayer strain as a function of In
thickness in Fig. 4. In general, layers on GaAs substrates

FIG. 2. Double-crystal x-ray diffraction data for two samples with 1000
InAs layers: ~I! type-I structure with 4.0mm GaSb buffer,~II ! type-II
structure.

FIG. 3. Double-crystal x-ray diffraction data for six type-II structures w
the indicated InAs layer thicknesses.
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less strained than those on GaSb substrates. For examp
a thickness of 2000 Å, InAs on a GaSb substrate is fu
strained, but the strain drops to 0.2%–0.4% for GaSb bu
layers on GaAs substrates. For type-I structures, more s
is retained in the InAs layer when the GaSb buffer layer
thicker. These results are consistent with threading dislo
tions serving as nucleation sites for misfit dislocations. In
case of GaSb buffer layers on GaAs, high densities of thre
ing dislocations form during the coalescence of islands.17–19

The dislocation density decreases as layer thickness
creases. Hence, fewer nucleation sites will be available
thicker buffer layers, resulting in less relaxation of the InA
The lowest density of threading dislocations is expected
the GaSb substrates, with etch pit densities less t
104/cm2. We note that in the InGaAs/GaAs system, the de
sity of misfit dislocations in strained InGaAs was found to
a function of the density of threading dislocations in t
GaAs substrate.20–22 An additional effect might account fo
part of the observed variation in InAs strain with buffer lay
thickness. The GaSb buffer layer could act as a compl
substrate,23 with the InAs inducing partial strain relaxation i
the GaSb. Our x-ray measurements~not shown! suggest that
this effect may be present but is not large enough to acco
for most of the observed variation in InAs strain.

Finally, we have observed that little or no improveme
in InAs coherence can be achieved in type-I samples
varying such factors as doping or growth temperature, or
addition of other intermediate layers. For instance, t
samples with 1.0mm GaSb buffer layers were grown; th
InAs thickness was 1000 Å for both, but the InAs grow
temperature was 370 °C for one and 500 °C for the oth
Within experimental error the measured strains in these
samples and the equivalent sample grown at 450 °C w
equal. Previous work indicated that AlSb forms a smoo
surface on GaAs faster than GaSb on GaAs.24,25 Following
this observation, we grew a 1000 Å AlSb buffer on GaA
followed by 1 mm GaSb and 1000 Å InAs at 450 °C. Th
resulting InAs strain was comparable to the equival
sample grown without the AlSb. Addition of a short-perio
superlattice, 103(24 Å GaSb/24 Å AlSb), in the center o
the GaSb buffer produced a sample which had compar
strain to an equivalent sample~2000 Å InAs! grown without
the superlattice. Finally, high doping levels~Si,
n;1019/cm3) in a 2000 Å InAs sample did not appear

FIG. 4. InAs epilayer strain vs thickness for type-I and type-II structure
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affect the strain in the InAs. These results do not rule out
possibility that lattice relaxation in type-II structures cou
be a function of growth temperature or doping.

In summary, we applied x-ray diffraction to investiga
lattice strain relaxation in MBE-grown InAs/GaSb heter
structures. We found that the strain in an InAs epilayer c
be a strong function of the quality of the underlying Ga
layer. For GaSb substrates, InAs layers as thick as 200
remain coherently strained, despite the 0.6% lattice m
match.

The author thanks W. Barvosa-Carter, M. Fatemi, J. P
B. V. Shanabrook, M. E. Twigg, and R. J. Wagner for tec
nical discussions and assistance. The Office of Naval
search supported this work.
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